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ABSTRACT
This paper investigates distribution behaviour of the carcinogenic compound vinyl chloride (VC)
under semi-natural conditions in a three-phase system (air, water, and aquifer material). A stainless steel column
was ﬁlled with quaternary aquifer material (gritty sand) from a contaminated site (Bitterfeld, Germany). VCcontaminated water with a deﬁned concentration was prepared and pumped in several cycles through the
saturated zone of the column. The concentration level of VC in air and water was measured regularly until
equilibrium was reached. The amount of VC adsorbed on the aquifer material was calculated by a mass balance
consideration. The dimensionless Henry’s Law constant (approx. 1.6) and the Koc (approx. 210) of VC were
determined. Results agree well with literature values. However, to our knowledge this is the ﬁrst study to
investigate the partitioning of VC experimentally with aquifer material under semi-natural conditions.

Key words: vinyl chloride, aquifer material, contaminated site, Koc, Henry’s law constant

INTRODUCTION
Vinyl chloride (VC) is a gaseous carcinogenic substance (b.p. –13.4°C) often
found at sites contaminated with volatile chlorinated compounds. Although VC is used as
monomer for polymerization, it also appears in the environment as a metabolite during the
biodegradation of chlorinated solvents (Adamson et al., 2004).
VC is often found in air samples at disused plastics industries as well as in landﬁll
gas. Due to the possible dehalogenation of the cleaning agent perchloroethylene, VC is also
often detected at former dry-cleaning centers. One of the elimination pathways for VC is
simple evaporation from groundwater or soil water, which can be estimated from Henry’s
Law constant. The dimensionless partitition coefﬁcient of VC between gas phase and aqueous
phase has been reported to be between 0.9 and 2.3 (Hine and Mookerjee, 1975; Wilhelm et
al., 1977; Gossett, 1987; Howe et al., 1988). However, the question is, how useful are these
values for calculating the evaporation of VC under natural conditions? These data have been
determined by theoretical calculations or by partitioning experiments in artiﬁcial laboratory
systems. In most cases, mixtures of distilled water and methanol– as cosolvents – were used.
Additionally, to estimate actual distribution of VC in the environment, data on sorption
behavior to particulate matter are also necessary. However, there are no experimental data
available that allow for calculating the respective distribution coefﬁcients (WHO, 2004).
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In this study, aquifer material (gritty sand) from a contaminated site (Bitterfeld,
Germany) was used to determine the distribution of VC under nearly realistic conditions.
The groundwater at this site is known to contain many toxic organic compounds and also a
low level of VC (approximately 10 µg/L). The fate of VC and other contaminants at this site
is important for the risk assessment, because the total volume of the contaminated aquifer
is approx. 200 million cubic meters. Therefore, it is of special interest to investigate the
distribution of VC with material from that site after addition of VC-contaminated water. For
the fast determination of VC below the detection limit of the GC/FID, a semi-quantitative
derivatization method was modiﬁed and evaluated for the requirements of this study. This
method can be used at low concentrations of less than 50 ng/L.

MATERIALS AND METHODS
Laboratory Column
The laboratory column has a cylindrical form (Figure 1). Dimensions of the column
are listed in Table 1. Two water inlets were positioned at the bottom and top of the column.
The column was ﬁlled with aquifer material. The lower 30 cm of the column was saturated
with water equating to approximately one-ﬁfth of the total column volume. A pair of opposite
sampling ports was located every 15 cm along the unsaturated zone of the column between
the water level and the top. Stainless steel split tubes were inserted through the column,
ﬁxed in screwed ﬂanges, and sealed at both ends using Viton® gaskets. Each tube contained
32 slots, each 50-mm long and 1-mm wide, placed only on both sides of the tube in order
to prevent the interior from clogging up when the column was ﬁlled. This enabled the
unhampered diffusion of the column air inside the tube and to the sampling points.
Gas from the unsaturated zone was sampled using Mininert® valves (crimp-top type,
13mm, Valco Instruments Co. Corp.). Valves were inserted and fastened directly into the
protruding ends of the split tubes. Opposite ends of the split tubes were sealed by Swagelok
screw connections and blind plugs. Gas samples were taken from inside the split tube at
one-third of the column diameter by gas-tight syringes equipped with valves and extra-long
needles.
The Mininert® valves were in contact with column air only through a 1.94-cm²
Teﬂon® surface. Seals at the bottom and top of the column were Viton ring gaskets. All
other connections were of the gasket-free Swagelok type. Water was pumped by means of a
rotary piston pump (MCP-CPF Process, Ismatec) equipped with a QPQ1.CSC pump head.
All connections between the storage tank, pump, and column were stainless steel capillary
tubing.
Before the column was used for the experiments, pressure tightness of the laboratory
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column was checked by applying excess pressure of 100 kPa for 24 hours. Experiments were
conducted at room temperature (20–24°C). Table 1 contains additional data on vinyl chloride
and the experimental conditions.
The column was ﬁlled with the aquifer material and washed with 140 L (about two
column volumes) of tap water, which emerged from outlets in a manifold perforated tube
over the top of the column. The pore volume within the column was therefore completely
saturated with water. This treatment also compressed the material and the ﬁll- level sank by
0.1 m. Compaction was 7.5%. This was taken into account in further calculations. Grain-size
distribution and hydraulic conductivity of the aquifer material were determined by sieving
according to German Industry Standards DIN 18123 and DIN 19368, respectively. Total
organic carbon content (TOC) was determined using a Shimadzu TOC-5000 analyser. Ten
samples of aquifer material were homogenized and analysed in parallel (0.1 g each).
Spiking Procedure
A gas-tight pressure tank (Sartorius, 6.16 L) was ﬁlled with 5 L of distilled water,
and VC was added through a connection from a gas cylinder. The tank was then shaken on
a rotary shaker for 48 hours in order to ensure a complete homogeneous solution. After the
tap water had been removed, 3.6 L of the spiking solution containing VC were ﬁlled into the
column and pumped in cycle overnight (76 mL/min). The extraction point was horizon 0
(Fig. 2).
The measured initial concentration of the aqueous VC solution within the column was
440 mg/L as determined at the column inlet sampling point. Over the next few weeks, the
VC concentrations in air and water were determined until equilibrium had been reached. The
total water volume within the column was estimated to be approx. 10.2 L and the calculated
air volume approx. 17.5 L (see Table 1).
VC Water Analysis
For the VC calibrations, a vinyl chloride stock solution of 200 µg/mL in methanol
(Supelco) was purchased. Aqueous VC solutions were prepared by a step-wise dilution
of the stock solution with water until the preferred concentration was reached. This was
accomplished by using gas tight syringes with which the VC solution was immediately
injected through a septum into a head-space vial (22 mL) containing water. Overall liquid
volume in each headspace vial was 10 mL.
VC water samples (1 mL) from the laboratory column were taken in duplicate from
two horizons (0 and -1) with lockable, gas tight syringes. Samples were injected through
septa into head space vials containing 9 mL of distilled water. The head-space vials were
thermostatted at 85°C for 1.5 hours, followed by analysis of the head-space with an HP 6890
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gas chromatograph (Agilent) equipped with a split/splitless injector and ﬂame ionisation
detector (FID). The GC system was connected to a Perkin-Elmer HS 40XL autosampler.
A HP-PONA capillary column (50 m, 0.2 mm i.d., 0.5 µm ﬁlm thickness) was used for
separation. Helium was used as carrier gas (1.0 mL/min, constant ﬂow) and nitrogen as
make-up gas (25 mL/min), along with hydrogen (35 mL/min) and oxygen (65 mL/min) as
detector gases. One hundred µL of head space was injected (split ratio: 1:0.3). Temperature
settings were injector temperature 150°C, oven temperature programme: 30°C (5 min) →
10°C/min → 150°C (5 min), and detector temperature 300°C. Calibration was performed
from 20 µg/L to 2000 µg/L with a correlation coefﬁcient of >0.996. Detection limit was
approximately 10 µg/L.
VC Gas Analysis
VC was purchased in a gas cylinder (Sigma-Aldrich). Deﬁned VC air samples with
known concentrations were prepared using a small gas-collecting vessel (100 mL) equipped
with two ground-in stopcocks and a discharging device with PTFE-coated silicone septum.
The vessel was evacuated and ﬂushed several times, alternating with water-jet vacuum
pump and VC gas from the gas cylinder. After ﬁlling had been completed, excess pressure
was allowed to drop to atmospheric pressure by opening one stopcock for 1 second (under
an extractor hood). The amount of VC was controlled by weighing (density of VC at room
temperature is approximately 2.5 µg/µl). The vessel was used as stock VC gas for further
dilutions. For dilutions, deﬁned VC gas volumes were taken through the septum with gastight syringes and injected through a septum into gas-tight vials of different volumes in
order to obtain deﬁned dilutions. Analyses were conducted with gas-tight syringes by direct
injection into a GC/FID.
VC air samples (50 µL) from the laboratory column were taken in duplicate from
the seven different horizons of the unsaturated zone with lockable gas-tight syringes and
analyzed immediately with the GC/FID system described above for the water samples.
Injections were performed (split ratio: 1:10). Temperature settings were injector temperature
200°C, oven temperature programme: 35°C (5 min), postrun (200°C) for 5 minutes, and
detector temperature 300°C. Calibration was performed from 20 ng to 200 ng with a
correlation coefﬁcient of >0.999. Detection limit was approximately 5 ng.
VC Derivative Analysis
In this work, low VC concentrations in air and water had to be analyzed that were
below detection limits of the standard method described. For this reason, a derivatization
method (Wittsiepe et al., 1993, 1996) for low VC concentrations was modiﬁed. VC reacts
very rapidly with bromine to form 1,2-dibromochloroethane, which can be determined with
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sensitivity by a gas chromatograph coupled with an electron capture detector (GC/ECD).
Results were compared in parallel with underivatized VC gas and water samples determined
by GC/FID. VC air samples (500 µL) and water samples (50 µL) were taken in duplicate
with gas-tight syringes. Each sample was injected through a septum into a 10-mL headspace vial containing the internal standard 1-bromo-3-chloro-propane (1.6 ng/µL) dissolved
in 2 mL of decane and 5 mL of bromine water (0.1%). Decane (Fluka, Switzerland) was
used as a solvent because it is of minor toxicity and is available free of oleﬁns, which could
unfavorably affect bromination by the formation of by-products. Moreover, diluted VC
solutions can be stored in decane at –15°C without freezing. The head-space vial was shaken
for 15 minutes. A reddish phase was concentrated at the top of the reaction vial due to the
higher solubility of bromine in decane. After shaking, the reaction was stopped by adding 2
mL of aqueous sodium thiosulphate solution (10%) and excess bromine reacted to bromide.
Afterwards, 1 µL of the decane phase was sampled through the septum with a gas-tight
syringe and analyzed with GC/ECD as described above.
The derivatization method was used for routine analyses in order to estimate the
distribution behavior of VC during the elapsed time. This was important, particularly within
the ﬁrst days of the experiment, because the VC air concentrations were too low for detection
with GC/FID. For later samples that exceeded the detection limit of the FID, results of the
derivatization method were controlled by the GC/FID method.
Synthesis of the VC Derivative
1,2-dibromochloroethane as reference compound was synthesized as described by
Wittsiepe et al., 1990. Afterwards, deﬁned dilutions were produced with carbon disulphide
(Merck, Germany) as solvent using gas-tight syringes. The derivative was analyzed with
GC/ECD and calibrated for concentrations from 10 pg up to 100 ng. An HP 6890 with split/
splitless injector and ECD detector (Hewlett-Packard) and an HP-PONA capillary column
(50 m, 0.2 mm i.d., 0.5 µm ﬁlm thickness) was employed with helium as carrier gas (1.0
mL/min, constant ﬂow) and nitrogen as make-up gas (40 mL/min). Approximately 1 µL
was injected (split ratio: 1:20). Temperature settings were injector temperature 250°C, oven
temperature programme: 40°C (1 min) → 10°C/min → 115°C (3 min) → 20°C/min → 300°C
(1.25 min) and detector temperature 300°C. The correlation coefﬁcient was >0.999; 1-bromo3-chloro-propane was used as an internal standard.

RESULTS
Determination of Henry’s Law Coefﬁcient
Once the whole system is in equilibrium, the concentration ratio of VC in the gas
phase and in the aqueous phase provides an estimate of the dimensionless air-water partition
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coefﬁcient that can be translated into the standard Henry’s Law coefﬁcient by temperature
correction.
The VC concentration in the water phase of the column decreased rapidly from 440
-1
mg L in the beginning to 290 mg L-1 (after 1 day) and to ca. 9 mg L-1 after a few days,
indicating that VC evaporated quickly from the water phase. During the experiment, the pH
decreased from 7.0 to approx. 4.0. Figure 3 shows the development of the VC concentrations
in the water phase (horizon 0) and in the air phase (horizons 1+2, horizon 4 and horizon 6).
Each data point represents the mean value of two samples. Variations of the analytical
replications were small (< 10%) and are not displayed for better clarity. Time course of the
VC concentrations was similar for all horizons.. Therefore, a detailed illustration of the
other horizons was dispensed with. Assuming that equilibrium was reached at the end of
the experiment (45 days), average VC concentrations in air (14 mg L-1) and water (9 mg L-1)
were used to estimate the dimensionless Henry’s Law constant H to be 1.6, which agrees well
with existing literature values (Hine and Mookerjee, 1975; Wilhelm et al., 1977; Gossett,
1987; Howe et al., 1988).
Determination of Koc
A mass balance calculation indicated that large amounts of VC (approximately
70%) sorbed on the gritty sand during the experiment. Thus, chemical fate of VC in the
environment is obviously affected by sorption, although literature values for the Koc are often
small (< 10 L kg-1). The Koc is the partition coefﬁcient of the contaminant between water and
the organic fraction of the solid material and is deﬁned as
Koc = Kd 100 (OC)-1
Koc (L kg-1) = organic carbon normalized sorption coefﬁcient
Kd (L kg-1) = distribution coefﬁcient sorbent/water
OC (%) = organic carbon content of the sorbent (here: gritty sand)
Total VC within the column was 440 (mg L-1) × 3.6 (L) = 1.584 g. The VC amount in
air at equilibrium was 14.0 (mg L-1) ×17.5 (L) = 245 mg and VC in water was 9.0 (mg L-1)
×10.2 (L) = 91.8 mg. This leads to a calculated VC concentration on the aquifer material of
1247 (mg) 132-1 (kg-1) = 9.45 mg kg-1. With the resulting Kd value for VC of approximately
1.1 L kg-1, a Koc of 210 (log Koc = 2.32) was estimated by normalization with the organic
carbon content, which was 0.5% with a range of variation between 0.45% and 0.55%.

DISCUSSION
Koc values in the literature span a wide range from 0.8 to 240 (Lyman et al., 1982;
Mabey, 1982; Liljestrand and Charbeneau, 1987; Jury et al., 1990; Yeh and Kastenberg,
1991; Harmon et al., 1992; WHO, 2004). However, all these values were calculated without
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experimental data. Our experimental results are at the upper end of these values and suggest
that sorption of VC is more important in the environment than estimated using the low Koc
values from literature. However, given the very low organic carbon content of 0.5%, the
uncertainty in Koc is quite high.
VC could be adsorbed on Teﬂon® or Viton® surfaces. However, the sum contact area
of all the Teﬂon® valves amounts to less than 0.002 m², while that of the Viton® seals is about
0.003 m². Then again, the speciﬁc surface of the aquifer material must also be considered.
A common value for the speciﬁc surface of sand is approximately 100 cm²/g (Bugaeva
and Deryugin, 1986; Dundulis and Gadeikis, 2006). The column was ﬁlled with dry matter
representing a speciﬁc surface of more than 800 m². Therefore, the Teﬂon® and Viton®
surfaces are unlikely to signiﬁcantly inﬂuence results of the VC adsorption experiment.
The strong decrease of the pH (from pH 7 to approx. 4.0) indicates that
biodegradation may have affected the VC level in the experiment, because it is well
known that hydrochloric acid is produced during the biodegradation of volatile chlorinated
compounds (Gälli and Leisinger, 1985). However, a signiﬁcant impact of biodegradation
on the VC levels within the time period of the experiment (6 weeks) seems unlikely.
The observed pH drop could be explained by generation of approximately 0.001 moles
of hydrochloric acid, which implies degradation of only 0.063 g VC (4% of total VC).
A buffering effect, e.g. by carbonate, which would decrease the acidic inﬂuence of the
metabolite hydrochloric acid, cannot be completely ruled out but seems to be unlikely, due to
the composition of the used soil and use of distilled water throughout the experiment.

CONCLUSIONS
In this study, distribution of vinyl chloride (VC) in the air, water, and solid phases of
quaternary aquifer material was determined in a laboratory column experiment. Henry’s Law
coefﬁcient and Koc value were calculated from experimental data. Henry’s Law coefﬁcient
was in good agreement with literature values. The Koc value was at the upper limit of

existing values from literature. However, in contrast to literature values, it was calculated
from experimental data. Signiﬁcant adsorption of VC was observed which amounted to
approximately 78% of the total VC mass in the used column. This, to our knowledge, is
the ﬁrst study to experimentally determine the Koc of VC with natural material. Future
research will continue with materials having different organic carbon content and at different
temperature conditions to eliminate uncertainties.
The sorption of VC in the environment seems to be a widely underestimated
factor. Sorption of VC could well be an important sink, which should not be ruled out. It
is known that chlorinated hydrocarbons are often recalcitrant compounds. They are not
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easily biodegradable, and sorption additionally hinders both abiotic and biotic degradation
processes of organic compounds. Therefore, after discharge of VC to the environment, e.g. by
accident, it should be taken into account that a complete mass balance requires consideration
of sorbed VC and not only analysis of water and air.
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Table 1. Physical-chemical properties of Vinyl Chloride, sediment and
column experimental conditions. Laboratory column with ﬂow path for
washing of aquifer material with tap water.
VC properties
Henry coefficient (dim’less)
Boiling point [°C]
Water solubility [g/L]
Koc [L/kg]

0.9–2.3 (25°C)
–13.4
1.1 (28°C)
0.8–240

Aquifer material
Type
Grain-size distribution [mass %]:
Gravel (>2 mm)
Sand (0.063–2 mm)
Silt and potter’s clay (�0.063 mm)
Volume with pores [L]
Pore volume [%-vol]
Pure material volume [L]
Water content [%]
Water volume [L]
Hydraulic conductivity [m/s]
Mean bulk density (dry matter) [kg/m3]
Pure density [kg/m3]
Total dry mass [kg]
Organic carbon content [%-wt]

quaternary aquifer
37.5
62.5
0
71
30
49.7
5
6.6
0.0045
1850
2650
132
0.5 ± 0.05

Column experimental conditions
Length [m]
Inner diameter [m]
Total volume [L]
Total VC amount [g]
(based on measurement at input)
Total air volume [L]
Added water volume [L]
Total water volume [L]
(VC stock solution + material water content)
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Figure 1. Laboratory column with ﬂow path for
washing of aquifer material with tap water.
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Figure2. VC charging of the column (pumping
in circular ﬂow).

Figure3. VC distribution in water (horizon
0) and air (horizons 1/2/4/6) within a model
unsaturated zone.
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